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ClinSeq is a pilot project to investigate the use of whole-genome sequencing as a tool for clinical research. By piloting the
acquisition of large amounts of DNA sequence data from individual human subjects, we are fostering the development of
hypothesis-generating approaches for performing research in genomic medicine, including the exploration of issues re-
lated to the genetic architecture of disease, implementation of genomic technology, informed consent, disclosure of
genetic information, and archiving, analyzing, and displaying sequence data. In the initial phase of ClinSeq, we are
enrolling roughly 1000 participants; the evaluation of each includes obtaining a detailed family and medical history, as
well as a clinical evaluation. The participants are being consented broadly for research on many traits and for whole-
genome sequencing. Initially, Sanger-based sequencing of 300-400 genes thought to be relevant to atherosclerosis is
being performed, with the resulting data analyzed for rare, high-penetrance variants associated with specific clinical traits.
The participants are also being consented to allow the contact of family members for additional studies of sequence
variants to explore their potential association with specific phenotypes. Here, we present the general considerations in
designing ClinSeq, preliminary results based on the generation of an initial 826 Mb of sequence data, the findings for
several genes that serve as positive controls for the project, and our views about the potential implications of ClinSeq. The
early experiences with ClinSeq illustrate how large-scale medical sequencing can be a practical, productive, and critical

component of research in genomic medicine.

[Supplemental material is available online at http:// www.genome.org.]

Elucidating the sequence of the human genome (International
Human Genome Sequencing Consortium 2001, 2004) and sub-
sequent advances in DNA sequencing technologies (Mardis 2008)
have the potential to dramatically improve the delivery of health
care through the acquisition of genomic information about in-
dividual patients. However, much research will be needed to de-
velop medical applications of genomics; for example, little is
known about how to organize and implement large-scale medical
sequencing (LSMS; i.e., systematic resequencing of human DNA)
in a clinical context. Other approaches for applying high-throughput
genomics to health care (e.g., assaying single-nucleotide poly-
morphisms and establishing gene-expression profiles) offer diag-
nostic promise; these are not further considered here, as our focus
is on LSMS for studying the relationship of germline genomic
variation to health and disease.

We recently launched ClinSeq (http://genome.gov/20519355),
a project that aims to apply LSMS within a clinical research envi-
ronment to answer questions about the genetic basis of health,
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disease, and drug response. The application of genomic ap-
proaches (in particular LSMS) in a clinical research context is
associated with a number of considerations that define key
“dimensions” of any study: the number of subjects, the associated
clinical data, and the breadth of genome covered (Fig. 1). Numer-
ous detailed studies of single genes have been carried out; while
often performed on many participants with significant amounts of
phenotypic information, they are focused on a very small portion
of the genome. The flurry of papers that describe recently gener-
ated whole-genome sequences (Levy et al. 2007; Bentley et al.
2008; Wang et al. 2008; Wheeler et al. 2008) has provided the first
true individual genome sequences, including a modest amount of
associated clinical data; however, the number of examples is small
to date. Greater numbers are promised by the 1000 Genomes
Project (http://www.1000genomes.org/), although no phenotypic
information will be available for the individuals being studied.
ClinSeq aims to model a more ideal study with respect to these
three dimensions (Fig. 1), with the potential to further move to-
ward the ultimate ideal as technology advances.

The general aims of ClinSeq are to: (1) develop the in-
frastructure and approaches to acquire and analyze genome se-
quence from individual research participants; (2) pilot the use of
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Figure 1. A spatial conceptualization of research studies in genomic
medicine. There are three key “dimensions” to consider when applying
genomics to clinical research: genome breadth (the fraction of the ge-
nome that is interrogated), number of subjects or participants, and the
associated clinical data about those individuals (including its depth,
breadth, and rigor). While the ideal study would acquire whole-genome
sequences from large numbers of extensively phenotyped subjects, this is
currently impractical. Single-gene studies can involve a few or numerous
subjects and extensive clinical data, but by definition involve the exami-
nation of only a single gene and thus occupy one wall of this space. The
individual genomes that have recently been sequenced (Levy et al. 2007;
Bentley et al. 2008; Wang et al. 2008; Wheeler et al. 2008) provide nearly
complete genome breadth, but with limited clinical data; further, their
limited subject numbers place them on another wall of this space. The
1000 Genomes Project (http://www.1000genomes.org/) is providing
large subject numbers and extensive genome breadth, but no clinical
data—positioning it on the floor of this space. ClinSeq aims to reside in the
center of this space, having attributes of substantial subject size (n=1000
initially), moderate genome breadth (~400 genes initially, with plans for
expanding this breadth), and substantial clinical data.

LSMS to elucidate the genetic architecture underlying human
traits; (3) provide an open, shared resource and environment for
basic and clinical researchers to work collaboratively to perform
research in genomic medicine; and (4) establish approaches for
informed consent and the return of genetic information to sub-
jects participating in LSMS studies. In pursuing these aims, our
overriding goals include modeling whole-genome sequence ac-
quisition in a manner that is practical for a clinical research setting,
advancing our understanding of the genetic basis of important
human diseases and traits, and establishing how to scale LSMS
prior to the day when whole-genome sequencing becomes part of
routine clinical practice. In this paper, we describe the ClinSeq
study design, provide a snapshot of our very early data generation,
and discuss the implications of this study for the nascent field of
genomic medicine.

ClinSeq study design

Cohort enrollment and phenotypic characterization

The initial ClinSeq cohort is planned to include 1000 individuals
who will be enrolled and evaluated at the National Institutes of
Health (NIH) Clinical Research Center in Bethesda, Maryland (Fig. 2).
ClinSeq is designed to evolve into a study of all traits and the
acquisition of whole-genome sequences. Because neither is pres-
ently practical, we sought to model key attributes of genomic
medicine research by performing LSMS of candidate genes relevant
to a common and broadly defined phenotype (initially, athero-
sclerotic heart disease), with consent to proceed to whole-genome

sequencing and the study of other traits in the future. Cardiovas-
cular disease will be a useful prototype for many other phenotypes
that we plan to study eventually. Atherosclerotic heart disease is
common, has quantitative subphenotypes, has an underlying ge-
netic architecture that is known to be complex (Sing and Boerwinkle
1987), is already associated with a set of genes that can be readily
interrogated with conventional sequencing technology, and offers
various treatment options for mitigating identified risks. An initial
cohort size of 1000 was selected to allow detection of gene variants
with an effect comparable to that seen with PCSK9, a recently dis-
covered, clinically important gene that plays a role in lipid regula-
tion (Cohen et al. 2006). A cohort of 1000 subjects would have
a power of 0.996 to detect an association of this nature at P = 0.05.
In addition to rare variants, numerous common, apparently low-
penetrance alleles have been associated with abnormal lipid levels
(Kathiresan et al. 2007; Willer et al. 2008) and other phenotypes
(Manolio et al. 2008); further, numerous rare, high-penetrance
alleles have been shown to cause endo- or subphenotypes that
comprise the spectrum of atherosclerosis (e.g., Jones et al. 2007;
Mani et al. 2007).

ClinSeq participants are being selected to represent the
spectrum of atherosclerotic heart disease using the Framingham
score (Wilson et al. 1998) to balance accrual. The accrual target is
three groups of 250 participants each who have a Framingham
10-yr coronary artery disease (CAD) risk of <5%, 5%~-10%, and >10%,
respectively, and an additional group of 250 participants who have
a diagnosis of CAD based on a history of a myocardial infarction,
coronary artery bypass graft surgery, stent placement, or other re-
vascularization procedure. This accrual strategy was implemented

NIH Clinical Re;e[e e

Enrollmeﬁt ond clinical &uluuiion 1
Clinical DNA sample ' Research DNA sample

NI®

Sequencing

r Biainfnrmmimnulyses\ - Database submission A

{ { }

Pathologic variant

|

AT T T rd
" Clinical variont validation ' < Data

Variont of uncertain significance No pathologic variant

™\
itoring board

Genetic and medical counseling

Figure 2. ClinSeq sample and data flow. DNA samples and clinical data
emanate from the initial participant enrollment and clinical evaluation,
and then flow through the indicated clinical and research processes (see
text for details). Note the separate acquisition and handling of DNA
samples for clinical and research purposes, respectively, with the former
handled by a CLIA laboratory prior to any results being returned to par-
ticipants. Further, variants identified in putative disease-causing genes
must first be reviewed by a data-monitoring board before being reported
back to participants.
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so that the cohort would be enriched for detectable coronary ath-
erosclerosis, as measured by computed tomography (see below).

Upon enrollment, each participant is evaluated (Fig. 2) for
baseline information about his or her health status and family
history. For acquiring a detailed family history, participants com-
plete the Surgeon General’s “My Family Health Portrait” (http://
www.hhs.gov/familyhistory), after which a comprehensive family
history is ascertained by a genetic counselor. An abbreviated health
history, with a particular focus on cardiovascular disease, is also ac-
quired by a nurse practitioner. The initial clinical assessment includes
height, weight, head and waist circumferences, blood pressure,
electrocardiogram, echocardiogram, and coronary artery calcifica-
tion (assessed by multidetector computed tomography). We also
perform a broad panel of blood and urine tests (see Supplemental
Table S1), isolate genomic DNA and total RNA from peripheral blood,
archive serum samples, and establish a lymphoblastoid cell line from
each participant. Importantly, this is only an initial assessment, as
the participants are consented for potential future clinical evaluation
of many other traits (see Informed Consent section, below).

As of January 24, 2009, 586 participants have been enrolled
in ClinSeq, including 259 males (44%) and 327 females (56%).
Ninety-one percent of these participants self-identified as being of
Caucasian descent and 97% self-identified as being non-Hispanic,
reflecting the population of Bethesda, Maryland, where the NIH
Clinical Research Center is located.

Informed consent

The ClinSeq study was reviewed and approved by the NIH Na-
tional Human Genome Research Institute and Suburban Hospital
(Bethesda, Maryland) Institutional Review Boards. In addition,
a certificate of confidentiality was obtained for the study to provide
additional protection from forced disclosure of research results to
third parties. At the initial enrollment of each participant, both the
consent form and the associated discussion make it clear that the
goal of ClinSeq is to examine the entire genome and to study any
and all phenotypes, including a wide spectrum of diseases. The
participants are informed that they will be contacted to determine
if they are interested in learning about clinically relevant results, if
discovered. In addition, participants are consented at the initial
visit for permission to contact them to initiate discussions of ad-
ditional follow-up testing of themselves and/or their family
members (the latter being limited to basic phenotype studies and
genotyping for cosegregation analyses). To protect the interests of
the participants and to provide the investigators with an inde-
pendent source of advice and review, we plan to establish a se-
quence variant review panel (i.e., a data-monitoring board). This
panel will be comprised of experts in medical and molecular ge-
netics who are otherwise not involved in ClinSeq; their charge will
be to periodically review data regarding genes that have not yet
been proven to cause human disease. For selected genes, we will
pursue hypothesis-testing clinical research to determine if a suffi-
cient data set can be generated to support causation and the return
of results to the participants. Such research may involve studies of
the population frequency of sequence variants in cases and con-
trols, in vitro or animal models, and participants with and without
the variants in response to specific pathophysiologic perturba-
tions. The resulting data will be presented to the sequence variant
review panel to assess if the findings warrant the return of in-
dividual research information to the participants. This review by
a designated data-monitoring board is integrated into the overall
ClinSeq data analysis scheme (Fig. 2).

Sequence generation

The initial approach for data generation in ClinSeq involves se-
quencing a large set of candidate genes in search of high-penetrance
variants that confer risk for coronary artery calcification and ath-
erosclerosis (i.e., CAD). Genes are being selected by a number of
methods based on a spectrum of evidence for their association
with CAD; this includes genes already implicated in CAD, which
serve as positive controls for the early phase of the study (see be-
low). In addition, we are sequencing genes residing within geno-
mic regions corresponding to genetic association peaks for CAD
and related phenotypes, as well as those thought to be functionally
related to such CAD genes. In this way, we hope to detect genetic
variants that reflect a spectrum of relevance to CAD, from those
that are obviously causative to those that are only weakly associated.

A critical aspect of ClinSeq is the expectation that during the
course of the project, technical advances will allow us to broaden
the scope of our gene set to the entire human exome and, even-
tually, to the entire human genome. Thus, the initial candidate
gene set is only transiently important, and for this reason we are
prospectively consenting all participants for whole-genome se-
quencing (see below).

Initially, we are generating data by the bidirectional se-
quencing of PCR products amplified from gene components,
which we refer to as regions of interest (ROI), using Sanger-based
chemistries and capillary electrophoresis-based detection methods
(Wilson and Mardis 1997). Our current sequence-production
scheme uses PrimerTile (Chines et al. 2005) to design primers for
use in PCR assays that amplify ROIs corresponding to known or
predicted exons (including 5 bp of the flanking introns), ~1 kb of
the 5" untranslated region (UTR)/promoter region, and the 3" UTR
if it is evolutionarily conserved. Further, we PCR-amplify and se-
quence up to three of the most evolutionarily conserved regions of
each gene that are not captured by the above features. Following
amplification, PCR products are sequenced using 3730XL instru-
ments (Applied Biosystems).

Quality control

We have implemented a number of steps for the quality control of
ClinSeq-generated sequence data. For example, to ensure that
a particular DNA sample being sequenced is, in fact, the same DNA
sample analyzed at another point in time, we use a novel sample-
tagging strategy that we developed. Specifically, upon arrival at the
NIH Intramural Sequencing Center (NISC), each human DNA
sample is “spiked” with an aliquot of a plasmid containing a unique
segment of nonprimate DNA whose sequence is known not to be
present in the human genome. Upon every use of that human DNA
sample, the insert of the spiked plasmid is PCR-amplified and
sequenced, so as to confirm that the correct spike DNA is present
(and thus that the same ClinSeq participant DNA was used as pre-
viously). This approach does not tie the research DNA sample to the
CLIA (Clinical Laboratory Improvement Amendments) DNA sam-
ple; in fact, ClinSeq has been designed with an information and data
firewall that separates testing of the research DNA sample from the
clinical data.

Our quality control measures for detecting sequence variants
involve the routine analysis of HapMap (The International
HapMap Consortium 2007) DNA samples, which are associated
with extensive genotype data at known variant sites. Specif-
ically, for every 30 ClinSeq participant DNA samples analyzed, we se-
quence the same genomic regions in one HapMap sample. The
sequence generated with the HapMap samples is interrogated
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for the presence of known variants (from the available genotype
data) to assess our overall false-negative rate. Such quality con-
trol steps facilitate the generation of reliable data, the estimation of
false-negative rates, and accurate variant detection.

Data storage and sharing

All sequence chromatograms are being submitted to the public
NCBI Trace Archive (http://www.ncbi.nlm.nih.gov/Traces/trace.
cgi?, Query: CENTER_NAME = “NISC” and CENTER_PROJECT =
“ClinSeq”) in batches of 10,000 traces. Each archived sequence is
only correlated with its complementary sequence read (derived
from the same PCR product) and not to any other sequences from
that ClinSeq participant, thereby minimizing the possibility of
breaching the confidentiality of the data (Homer et al. 2008). Fur-
ther, the sequence chromatograms are being deposited at random
from a larger pool to minimize inferences of identity based on
the timing of deposition. The controlled access database dbGaP
(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gap) will provide
qualified investigators access to both the sequence traces as well as
links to other sequences and phenotype data from that individual.

Sequence analysis and variant detection

The primary sequence data are being analyzed using a customized
suite of computational methods consisting of standard and novel
components. Sequence trace quality is first assessed with the base-
calling program phred (Ewing and Green 1998; Ewing et al. 1998).
Each set of samples in a 384-well layout are resequenced if their
corresponding reads in any quadrant fall below predetermined
minimum quality thresholds. If the average number of bases with
a quality score =20 is less than 450 in any quadrant of sequence
reads, or if <70% of the reads in any quadrant have quality trim
lengths =50, the entire plate is resequenced. All traces are included
in subsequent analyses since insertion—deletion polymorphisms
can mimic poor quality data detected by phred (but may contain
valid sequence data). All sequences for a given PCR product are
then assembled using consed (Gordon et al. 1998); groups of
sequences derived from overlapping PCR products are assembled
independently, which allows for independent cross-validation
of the overlapping regions. Sequence variants, including single-
nucleotide differences and short (<100 base) insertions and dele-
tions, are identified using PolyPhred v6.11 (Bhangale et al. 2006;
Stephens et al. 2006). Variants within genes are classified as re-
siding within the untranslated regions (5’ and 3’ UTRs), within
introns, or within protein-coding regions (with predicted gene
structures based on UCSC Genome Browser annotations).

The above classifications, along with information about
nonsense, missense, splice-site, and frame-shift variants, are being
catalogued in a custom database. Missense variants are further
classified and prioritized based on their predicted severity using
a variety of amino acid substitution prediction methods (e.g.,
PolyPhen [Ramensky et al. 2002], SIFT [Ng and Henikoff 2003],
and other customized tools). This first-pass ranking of missense
variants, in conjunction with the identification of nonsense,
splice-site, and frame-shift variants, is then used to create priori-
tized listings of sequence variants that undergo further analysis to
establish their likely disease relevance and/or correlation with an
observed phenotype. Once genotypes are validated by manual
sequence trace review, variants of interest are examined for asso-
ciated information in the public databases (e.g., dbSNP, OMIM,
and HGMD) or in the published literature. Genotypes that do

not pass manual quality control review are considered for re-
sequencing by a customized finishing process (if a small fraction of
the sequences are of poor quality and the putative variant is of high
interest) or ROI redesign (if a large fraction of the sequences are of
poor quality). A customized user interface has been developed for
convenient review, sorting, and selection of specific variants in our
growing data set.

Data generation to date

We report here a preliminary summary of a small portion of the
initial ClinSeq data to illustrate the scope and nature of the find-
ings that will eventually emanate from the project. The current list
of candidate genes totals 219, from which we selected ROIs for PCR
primer design and sequencing. These genes were selected for a va-
riety of reasons as described above. To date, we have completed PCR
primer design for 140 genes (i.e., genes for which there were 100%
coverage of ROIs after a single round of PCR primer design or that
have undergone two rounds of PCR primer design). Coverage sta-
tistics for these 140 genes show that the 403,646 targeted ROI bases
have thus far yielded sequence data from at least one participant for
357,912 of these bases, corresponding to 88.7% “design coverage”
(see Supplemental Table S2A,B). For 48 of these 140 genes, we have
achieved 100% design coverage. Of the initial 219 genes, 79 have
undergone only one round of PCR primer design. An additional 101
genes have already been selected for future sequencing.

For the 219 genes for which we have at least some sequence
data, we have already generated over 1.7 million sequence reads
from 354 individuals (including 28 HapMap control samples) us-
ing 2444 PCR primer pairs. These reads together comprise 826 Mb
of sequence that aligns to the expected genomic regions, and of
this, 305 Mb falls within the ROIs (since the PCR products often
include regions outside the ROIs themselves). A “heat map” over-
view of the yield of the interrogated sequences among ClinSeq
participants is shown in Figure 3 and Supplemental Figure S1.

Within the generated sequences for the ROIs, we have de-
tected 3353 variants with at least one genotype score of 99 (the
maximum genotype score given by PolyPhred). Since this analysis
is based on a snapshot of an active project that is continuously
collecting data, sequence coverage varies depending on the region
being analyzed, as shown in Figure 3. To perform certain analyses
with a consistent number of observed alleles, we examined only
those variants residing in regions for which sequence data were
available from at least 250 participants, and then randomly re-
moved data to yield a data set corresponding to exactly 250 par-
ticipants (or 500 alleles, as we limited this analysis to autosomal
genes). This reflects 25% of the initial ClinSeq project goal of se-
quencing DNA from 1000 individuals, and reduced the number of
variants to analyze from 3353 (3288 on the autosomes) to 2161
(2107 of which were autosomal). The number of ROI bases meeting
the coverage threshold of 500 chromosomes totaled 390,577
(380,714 on the autosomes). From this, we can calculate hetero-
zygosity per nucleotide site, giving a theta of 0.000814 for this
sampling of the genome, in agreement with a prior, smaller sample
set (Halushka et al. 1999). The following initial set of analyses was
performed on this subset of autosomal variants.

We examined several different categories of variants: (1) var-
iants within ROIs and observed in only one participant (ROI-
Singletons); (2) variants within ROIs and observed in two or more
participants (ROI-Multiples); (3) variants within ROIs that were
also within coding sequences (ROI-CDS); (4) variants within ROIs
that were also in conserved noncoding regions (ROI-CNC); and (5)

1668 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 27, 2026 . Published by Cold Spring Harbor Laboratory Press

ClinSeq: A pilot for research in genome medicine

Participants

T 100 research; it is our hope that ClinSeq will
stimulate other genomic-oriented clinical
research studies through more traditional
funding mechanisms. Although ClinSeq

has been designed to allow the study of

e any human phenotype, the initial focus
on atherosclerosis reflects both the key
clinical and genetic attributes of this dis-
ease and the strong interest of the Na-

L co tional Heart, Lung, and Blood Institute

to advance the utility of genomics in

diagnosing and treating CAD. Finally,

the direct interface of a state-of-the-art

sequencing facility (NISC) with a large
40 clinical research project should provide
important insights about applying LSMS
to contemporary problems in genomic
medicine.

ClinSeq was designed to model
LSMS, initially using PCR- and capillary-
based sequencing methods. While the
technical challenges we have encoun-
tered to date do not fully reflect all aspects
of LSMS using “next-generation” DNA

Amplimers

Figure 3. Snapshot of ClinSeq sequence coverage. This “heat map” provides an overview of the
targeted sequence coverage for 27 genes selected at random from the set of 140 genes with completed
PCR primer design. The figure illustrates the range and variability in the yield of sequence data for
a subset of the analyzed genes. These 27 genes are being sequenced using 343 amplimers (of 2444
total) represented by columns; the data are shown for 326 enrolled participants (of 586 total) repre-
sented by rows. The colors represent the percent sequence coverage (see scale on right) of the cor-
responding PCR products at or above a threshold of phred Q20, with white indicating the absence of
data at this time. Such heat-map results are used to monitor overall quality of the ClinSeq sequencing
pipeline, whereas more direct quality measures (see text) are used to assess the suitability of individual
sequence data for inclusion in subsequent analyses and/or return to participants. The complete heat
map showing all amplimers and all participants for the data set discussed here is provided in Supple-

mental Figure S1.

variants outside of ROIs (nonROI-Control, which were used as
controls for comparison to other regions). To assess the false-
positive rate of our variant-detection approach, we manually
reviewed the sequence traces for randomly selected variants from
each of these five categories. The ROI-Singletons were associated
with the highest false-positive rate (10/100), considerably higher
than that for the ROI-Multiples (3/100). Since 51% of the detected
variants in this initial data set are singletons, the overall within-
ROI false-positive rate appears to be roughly 6.5% (13/200). Of
note, the other categories were associated with the following false-
positive rates: 5/145 for ROI-CDS, 3/100 for ROI-CNC, and 6/100
for nonROI-Control.

Implications of ClinSeq

The ClinSeq project occupies an important niche in genome re-
search and aims to catalyze the development of a clinical research
facet of genomics, which has been primarily a basic science ac-
tivity. The project has been deliberately engineered to capitalize on
the unique infrastructure of the NIH Intramural Research Program,
which is designed to function as a prospectively funded incubator
for high-risk research and studies that might not align with tradi-
tional funding mechanisms. In addition, the NIH Clinical Re-
search Center, the largest clinical research hospital in the world,
provides the ability to pursue cutting-edge and exploratory clinical

0
sequencing technologies, many of the

critical components are being examined.
For example, we are already dealing with
the significant challenges associated with
informed consent, patient recruitment,
clinical informatics, pathogenicity assess-
ments, and interactions with study par-
ticipants; such issues are independent
of the sequencing platform. Some other
important implications of ClinSeq are
detailed below.

Analyzing human genetic variation

The ClinSeq data set has great promise to supplement and com-
plement other studies of human genetic variation, such as the
1000 Genomes Project. The initial sequencing of 300-400 candi-
date genes in 1000 phenotyped participants should provide in-
sight into the relationship between genetic variants and disease, as
well as enhance our understanding of normal variation. In this
preliminary analysis of a subset of genes in about 25% (250 sub-
jects or 500 autosomes) of our initial cohort size, we have begun to
see the outline of these data. The following variant analyses ex-
amined sequence data from precisely 500 autosomes; this was ac-
complished by removing data in those cases where sequence across
an ROI was generated from more than 500 chromosomes and by
not including data from an ROI if sequence from less than 500
chromosomes was available.

The total number of variants in the data set of 250 samples
described above was 2107. We reduced this total by extrapolation
to 1984 variants by accounting for the predicted false-positive
results (based on the manual data review described above). Figure 4
shows the number of times each variant was detected. Also shown
are the variants with a dbSNP Build 129 Reference SNP identifier
and those without one. It is striking that roughly half of the var-
iants (966 of 1984) discovered to date were only detected once
among the 500 chromosomes examined, and of these 966 var-
iants, only 174 were present in dbSNP.
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1000 TTEFT77 were randomly removed to yield a re-
1792 maining set of data from precisely 250
samples. This resulted in the total num-
% 00 H _. ber of coding variants being reduced from
E 2198 to 1389. Minor allele counts shown
5 in Supplemental Table S3 were tabulated
2 using this high-depth coverage of auto-
§ w01 H somal variants. Of note, we also identified
15 variants that affected one of the four
HH nucleotides at the exon-intron splice

junction.
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Figure 4. Distribution of variant counts. An estimated total of 1984 variants (corrected for false-
positives from the observed 2107 autosomal ROI variants) were identified in ROIs among 250 ClinSeq
participants (see text for details). The number of times each variant was detected is depicted, in each
case broken down relative to its presence or absence in dbSNP. Note that the x-axis is discontinuous
beyond a count of 25, and the allele counts greater than 25 are presented in bins of 25; also note that the
y-axis uses a logarithmic scale. The data show that 966 variants are unique (i.e., a minor allele count of
1), and, in fact, comprise about half of the variants detected in this data set (792 notin dbSNP and 174 in

dbSNP).

The routine analysis of HapMap samples as controls in
the ClinSeq sequencing pipeline provides the ability to measure
sensitivity and concordance between the HapMap phase II
genotypes (http://ftp.hapmap.org/genotypes/2008-03/forward/
non-redundant/) and ClinSeq sequence-derived genotypes. For
the four HapMap samples analyzed to date (NA07345, NA07357,
NA11839, and NA12812), we have found 985 genotypes that are
concordant between HapMap and ClinSeq, 81 that are discordant,
and 84 that could not be classified due to low sequence quality.
This corresponds to a sensitivity of 92% and a discordance rate of
7.6%. Therefore, the overall sensitivity (including PCR primer de-
sign failures) is 92% X< 88.7%, or 82%.

Validating variant-detection methodologies

Because ClinSeq is an ongoing project with nonuniform se-
quencing progress with respect to genes and DNA samples at the
present time, we developed several metrics to illustrate our prog-
ress thus far and our approaches to quality control. Our efforts
to date have involved sequencing 219 genes, and then screening
305 Mb of generated sequence originating within ROIs for variants
(205 Mb from coding regions and 100 Mb from adjacent non-
coding regions [untranslated regions, conserved noncoding re-
gions, and introns]). We categorized all the single-nucleotide
variants (SNVs) that fell within ROIs, identifying 3353 SNVs; these
consist of 2198 coding SNVs and 1155 noncoding SNVs. We
defined a variant as a nucleotide difference relative to the reference
sequence detected in at least one read in the forward and the re-
verse orientation (from the same DNA sample) with a genotype
PolyPhred score of =99. These 2198 coding SNVs could be grouped
into 1179 nonsynonymous, 999 synonymous, and 20 nonsense
SNVs. As noted above, the project is at an early stage, with each
DNA sample having undergone different degrees of sequencing
and each gene having been variably interrogated. We have thus
captured information about a subset of the results that illustrate our
progress and quality control. For this, we restricted the analysis to
coding variants with exactly 500 genotypes. If a variant was in-
terrogated in fewer than 250 DNA samples, it was excluded. If
a variant was interrogated in more than 250 DNA samples, pairs of
sequence reads (forward and reverse derived from a single sample)

We looked in greater detail at the
data for a small subset of genes (LDLR,
APOB, ANGPTL4, SLCI12A1, SLCI2A3,
and KCNJI) previously shown to harbor
rare variants that cause clinically important
phenotypes (Boren et al. 2001; Sukonina
et al. 2006 ; Soutar and Naoumova 2007;
Ji et al. 2008). These genes exemplify
the approach of using LSMS to detect
individually rare variants that can poten-
tially explain clinically significant phe-
notypic variation, which may provide opportunities to practice
personalized medicine in the future. Unlike the prior analyses,
which were limited to 250 samples (500 autosomal alleles), all
sequences were included in this analysis. All the detected coding
variants in this subset of genes were reviewed manually to vali-
date the genotype calls and to calculate the false-positive rate for
these genes (5/145).

LDLR encodes a cell surface protein involved in receptor-
mediated endocytosis of low-density lipoprotein. Mutations in
LDLR cause familial hypercholesterolemia (for review, see Soutar
and Naoumova 2007). In our data set, we detected 22 variants in
LDLR: 21 coding (six nonsynonymous, 12 synonymous, one
nonsense, and two frame-shift) and one splice-site (Supplemental
Table S4). Five of these LDLR variants were determined to be
causative of familial hypercholesterolemia (e.g., see Box 1, Clinical
Case 1; Supplemental Clinical Cases S1-54).

APOB encodes apolipoprotein B, the primary lipoprotein
of LDL cholesterol. In our data set, we detected 142 variants in
APOB, which included 74 coding variants (53 nonsynonymous
and 21 synonymous) (Supplemental Table S5). One of these var-
iants was determined to be causative of familial deficiency of apo-
lipoprotein B100, a milder form of familial hypercholesterolemia
(see Box 1, Clinical Case 2). Although APOB is a larger gene and
our data set includes more variants in this gene than in LDLR,
the number of participants with disease-causing variants in LDLR
was greater than for APOB because only a small fraction of APOB
variants cause a hypercholesterolemia phenotype (Boren et al.
2001).

ANGPTL4 encodes ANGPTL4, which inhibits the enzymatic
activity of lipoprotein lipase, a central enzyme in lipoprotein me-
tabolism (Sukonina et al. 2006). Loss-of-function mutations in
ANGPTL4 have been reported to lower plasma triglyceride levels
(Romeo et al. 2009). In our data set, we detected 30 variants in
ANGPTL4, including 11 coding variants (seven nonsynonymous
and four synonymous) (Supplemental Table S6). We found one
novel variant (p.P27R) in a single participant that had not been
previously reported; this individual’s fasting plasma triglyceride
levels were in the lowest quartile of our participant population,
similar to the results of Romeo et al. (Romeo et al. 2009). The pre-
viously reported p.E40K variant has also been associated with lower
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Box 1. Clinical cases

Clinical Case 1

AB is a 62-yr-old female with an almost 40-yr history of hypercholesterolemia, which has been well controlled on a regimen of atorvastatin, niacin, and
ezetimibe. Her family history (Fig. 5) was remarkable for a mother diagnosed with heart disease in her 40’s and two children diagnosed with
hypercholesterolemia in their 20’s, one of whom was currently untreated. She also has a 4-yr-old grandchild diagnosed with hypercholesterolemia at 2 yr
of age. On evaluation, she was found to have a markedly elevated coronary calcium score of 1726 (Fig. 6). Sequence analysis of the LDLR gene, which
encodes the low-density lipoprotein receptor and when mutated causes familial hypercholesterolemia (Soutar and Naoumova 2007), showed the
presence of a heterozygous variant (c.564G>T; predicted to cause a p.Y188X mutation in the protein). Following confirmation of this result in a CLIA
laboratory and informing the proband, both of the proband’s children were tested and found to harbor the same mutation; in turn, the untreated child
enrolled in a treatment protocol. Although the proband was aware that she had a very high (pretreatment) cholesterol level, the genetic diagnosis
“delighted” her, as it offered an explanation for her lifelong condition and made her eager to encourage her relatives to avail themselves of effective
treatment for their hypercholesterolemia.

Clinical Case 2

JY is a 57-yr-old female with a 25-yr history of hypercholesterolemia that was currently poorly controlled with atorvastatin. Her family history (Fig. 7) was
remarkable for a mother who had coronary artery bypass graft surgery at the age of 69, as well as a myocardial infarction and a recent series of strokes,
a maternal aunt who had coronary artery bypass graft surgery in her 70’s, a maternal grandmother who passed away secondary to a myocardial
infarction at age 48, and a 26-yr-old daughter and a 26-yr-old niece who have been diagnosed with hypercholesterolemia. Sequence analysis of the
APOB gene revealed a heterozygous variant (c.10580G >A), which predicts a p.R3527Q mutation in the protein. This mutation has been previously
demonstrated to cause hypercholesterolemia (Soria et al. 1989). This result has been confirmed using CLIA-approved procedures and returned to the
proband. Based on this information, the proband has enrolled in a hypercholesterolemia treatment study at the NIH, and we are currently in the process

of recruiting additional family members for testing and treatment.

plasma triglyceride levels; we found this variant in a heterozygous
state in three participants.

Rare heterozygous coding variantsin SLC12A3, SLC12A1, and
KCNJ1 have been associated with a reduction in blood pressure
and protection from hypertension (Ji et al. 2008). SLC12A1 and
SLC12A3 encode Na-K-Cl cotransporters; KCNJ1 encodes an inward-
rectifying apical potassium channel that regulates resting mem-
brane potential and cell excitability. By analyzing the sequence
data for these three genes in our data set, we detected 15 unique
nonsynonymous coding variants among 14 participants: five in
SLC12A1 (Supplemental Table S7), seven in SLC12A3 (Supple-
mental Table S8), and three in KCNJ1 (Supplemental Table S9).
Interestingly, the majority of these 14 participants were being
treated for hypertension, and the untreated participants in this
group did not have low blood pressures for their age.

Studying issues relating to the return
of individual sequence results

For several reasons, ClinSeq has been
designed to allow the return of selected
individual sequence results to partic-
ipants, but not to return all sequence data
to participants. First, the primary se-

ClinSeq is designed to model this future use of whole-genome
sequence data where health care researchers will work with indi-
viduals to determine what kinds of questions should be asked and
the nature of the results that are returned to the individual. ClinSeq
aims to return information about disease-causing variants to the
participants, but not to return all sequence data. In fact, for known
disease-causing genes, the return of mutation results is not subject to
review by the sequence variant review panel as the IRB concluded
that it was standard practice to return such results. There is ample
reason to be concerned that even the restricted return of data to
ClinSeq participants may be overwhelming, counterproductive, or
even useless. For this reason, an ancillary research goal of the project
is to learn from the participants what results they find to be useful,
with the hope that this information might guide future clinical re-
search practice. We thus felt it was most reasonable and practical to

d. cancer 40

quence data in ClinSeq are not CLIA val-
idated, and our interpretation of the CLIA
and IRB regulations indicates that our
individual LSMS research data cannot be
returned to participants. Second, only
a tiny fraction of the generated sequence
data can be interpreted because of our
limited knowledge about most of the
genes being studied (and the influence of
variants therein). Third, we predict that
the future use of LSMS might well involve
individuals prospectively acquiring (but
banking or storing) their genome se-
quence, with subsequent bioinformatic
interrogations of that sequence used to
address specific health care questions.

Figure 5.

d. MI 40

LDLR
c. 564G>T/+

d. Aortic d. 60
Aneurysm 70
HL 40
CABG ??
LDLR
c. 564G>T/+
HL 20 CABG 20 CABG 20

LD
c. 5646>T/+ .
Hypercholeslerolemla

HL 20 HL 20 = Presumed Affected

HL2

Pedigree for Clinical Case 1 (Box 1). Standard pedigree nomenclature is used. Abbrevia-
tions used: d. 70: died in his/her 70s, in addition, the cause of death may be specified—MI, myocardial
infarction, cancer, etc.; CABG 60, coronary artery bypass graft in his/her 60s; HL 20, hyperlipidemia of
unknown type, diagnosed in his/her 20s; and HL 2, hyperlipidemia of unknown type diagnosed at
age 2. For the patients who have undergone mutation testing, the LDLR mutation status is indicated;
¢.564G>T/+ indicates heterozygosity for the mutation.
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initially focus on high-penetrance, Mendelian variants and then later
evolve toward progressively less-penetrant variants, using the par-
ticipants as a barometer to establish when we had crossed a threshold
from utility to nonutility and the attributes of the subjects and the
sequence data that correlated with the subject’s assessments of utility.

In our initial screen, six of the variants described in the prior
section were deemed to be high-penetrance, disease-causing muta-
tions. For five of these six variants, the results were confirmed in
a CLIA-certified (http://www.cms.hhs.gov/clia/) testing laboratory,
and the corresponding information returned to the participants
and their personal physicians. In addition, genetic and medical coun-
seling was provided, and family studies were initiated both to diag-
nose potentially affected relatives as well as to test for the segregation
of the variants with the relevant phenotypes (see Box 1, Clinical
Cases 1 and 2; Supplemental Clinical Cases S1-5S4). Interestingly, the
one result that we did not confirm reflects a case where the partici-
pant indicated that he/she was unsure about receiving an individual
result (as noted below, we do not CLIA-validate results unless a par-
ticipant indicates an interest in receiving that information).

The clinical cases we describe in Box 1 and the supplemental
clinical cases illustrate that it is feasible and medically useful to
return research results from a LSMS project to individual partic-
ipants. This is particularly the case for rare, high-penetrance var-
iants, whereas the situation for common variants that confer
a small increased relative risk to a disease is less clear. The challenge
is deciding which results should be returned to research partic-
ipants and defining the appropriate boundary within the spec-
trum of variants between these two extremes. We propose that
a sensible way to approach this situation is to generate a data set
that includes the full spectrum of such variants, and then work
with the study participants to define the attributes of results that
should and should not be returned to interested individuals. In
this regard, we hope that ClinSeq extends the clinical practice of
medical geneticists from what they already do well (dealing with
rare, high-penetrance variants) into novel territory (dealing with
common, lower-penetrance variants).

Exploring issues surrounding informed consent
in genomics research

The ClinSeq study was designed to explore some of the challenges
of informed consent associated with LSMS and to blaze a new path

Figure 6. Single axial slice of the coronary calcium scan from the patient
described in Clinical Case 1 (Box 1) that shows severe calcification of the left
anterior descending coronary artery (red arrow), the portion of the cir-
cumflex coronary artery within the imaging plane (white arrow), and the
aortic root around the origin of the left main coronary artery (yellow arrow).

. = Familial
Hypercholesterolemia
= Presumed Affected

o ® O

1@

d. MI 40

CABG 60 CABG 70
APOB
¢.10580G>A/+
ﬂ HL 30
HL 20 HL 20

Figure 7. Pedigree for Clinical Case 2 (Box 1). Abbreviations used are
similar to those in Figure 5.

for consenting and working with research participants.® As noted
above, one goal of the project is to ascertain a cohort of participants
whose DNA samples can be used for whole-genome sequencing.
The regulations for human subjects research in the United States
specify that participants must be informed of “reasonably foresee-
able risks” (US Department of Health and Human Services 1991).
We have implemented a conceptual consent form and process for
ClinSeq participants, with opportunities during the study to decline
receipt of individual results. With this “opt-in, opt-out” model, we
are exercising respect for study participants over the course of the
study (Fernandez et al. 2003). If a ClinSeq participant is interested
in learning about his/her results, those results are then validated by
a CLIA-certified clinical laboratory. Only after this validation is the
participant provided the results, which is then followed by genetic
and medical counseling; appropriate follow-up studies, referrals,
and testing of family members are also discussed and arranged. Most
of the initial evaluation and care is started at the NIH Clinical Re-
search Center, with subsequent care transitioned to the participant’s
primary care provider.

We give the participants control over their genetic in-
formation. By first eliciting their interests, participants can main-
tain control of the information that they wish to receive and have
entered into their medical records. Without their consent, results
are not validated by the CLIA-certified clinical laboratory, and with-
out that confirmatory testing, it is against federal regulations to
associate the results with their medical records. By documenting
the different choices made by participants, we should gain insights
into the trends and preferences relating to LSMS.

Clinical molecular testing versus
hypothesis-generating clinical research

ClinSeq represents a radical shift from the typical use of molec-
ular genetic testing. Clinical investigators and clinicians have
traditionally tested a given patient for genetic variants in one or
a few gene(s) based upon a hypothesis (or in the clinical realm,
a differential diagnosis). This can be considered hypothesis-testing
clinical genomic interrogation. Such an approach to medical prac-
tice is deeply ingrained in clinical training; indeed, it is generally
held that no test should be performed on a patient unless the

% The ClinSeq consent form is available by request from the corresponding
author.
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ordering physician understands the test, knows how to interpret the
result, and will change diagnosis or management based on the al-
ternative results. Whole-genome studies violate essentially all of
these dicta. ClinSeq and other clinical genomic projects aim to in-
terrogate the genome and generate thousands of “test results” per
patient, with only a few of the detected variants being readily
interpreted or clinically useful for some time. Yet, one can readily
envision how such data sets could be useful for performing clinical
research.

Full-genome interrogation for clinical genomic studies is now
a reality, with the resulting data sets analyzed to produce lists of
identified variants and grouping of participants based on shared
genomic attributes. For example, a cohort could be subjected to
genome sequencing, with participants then binned into three
groups for each gene (or pathway): those lacking sequence var-
iants, those with variants thought to be pathogenic, and those
with variants of uncertain significance. A subsequent study could
then be pursued that compares the physiology of the participants
in each bin, with the study design based on knowledge and pre-
dictions about the function of the interrogated gene (or pathway).
Such an approach bypasses some of the biases that limit clinical
research studies, such as rigid eligibility criteria. This may provide
an opportunity to identify phenotypes based on genetic variants in
a fashion that might otherwise be missed using hypothesis-testing
approaches to phenotypic analysis. These and other new approaches
to clinical genomics research need to be piloted, developed, and re-
fined. ClinSeq thus provides an opportunity to explore the use of
genomics for hypothesis-generating clinical research studies.

Summary

The ClinSeq project is pioneering approaches for applying high-
throughput genomics to clinical research and confronting many
of the challenges that will be faced as we approach ideal studies
involving whole-genome analyses of large numbers of well-
phenotyped individuals. By bringing contemporary genomic
approaches into the clinical research arena, we also seek to develop
improved models for informed consent, human research subject
engagement, and interacting with participants as they receive ge-
nomic information about themselves. The cardiovascular aspects
of this study are only an entrée into the clinical research utility of
the ClinSeq cohort. We fully expect that DNA samples from this
cohort will be among those used for whole-genome sequencing,
which in turn will catalyze explorations of other important human
phenotypes, including numerous diseases. Toward that end, we are
already transitioning the analysis of ClinSeq DNA samples to
“next-generation” sequencing instruments, initially in conjunc-
tion with methods for selecting targeted regions of the genome
(Turner et al. 2009), but with the full expectation that something
approaching true whole-genome sequencing is inevitable and de-
sirable. The fact that ClinSeq participants consent to such whole-
genome sequencing and are available for future interactions and
study should make this cohort a productive part of the genomic
medicine research landscape for years to come.
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